Tracking Intron Removal in Real Time  by Hamilton, Bruce A. & Fu, Xiang-Dong
Developmental Cell
PreviewsTracking Intron Removal in Real TimeBruce A. Hamilton1 and Xiang-Dong Fu2,*
1Department of Medicine
2Department of Cellular and Molecular Medicine
Institute for Genomic Medicine, University of California, San Diego, La Jolla, CA 92093-0651, USA
*Correspondence: xdfu@ucsd.edu
DOI 10.1016/j.devcel.2011.11.010
Are all introns spliced cotranscriptionally? In a recent issue of Cell, Vargas et al. (2011) reported single-mole-
cule analyses of pre-mRNA splicing, confirming transcription-coupled splicing of constitutive introns but
finding off-site and delayed splicing of alternative introns. The results raise the question of whether kinetics
distinguishes constitutive from regulated splicing.The splicing field has gradually reached
a consensus that the majority of intron
removal events take place cotranscrip-
tionally. Evidence includes classic elec-
tron micrographs, in situ hybridization
with probes that detect spliced junctions,
and analysis of chromatin-associated
transcripts (Oesterreich et al., 2011).
However, the global analysis that sup-
ported this view was performed in yeast,
where regulated splicing is rare, and
localization studies in mammalian cells,
where many intron removal events are
regulated, have focused primarily on indi-
vidual genes. More importantly, published
studies to date are based on biochemical
dissection or image analysis of fixed cells.
The new work from Sanjay Tyagi’s group
reports real-time visualization of intron
removal in live mammalian cells, revealing
that although constitutive introns are
indeed cotranscriptionally processed,
some regulated alternative splicing events
occur after the transcripts are released
into the nucleoplasm (Vargas et al., 2011).
This striking and timely finding, as the
field seems poised to close the debate
on the intracellular localization of splicing,
raises a series of intriguing questions
about what determines co- versus post-
transcriptional splicing, whether posttran-
scriptional splicing requires a defined
compartment in the nucleus, and what
the biological significance is of co- and
posttranscriptional splicing in mammalian
cells.
Vargas et al. began by attaching
multiple fluorophores to the introns and
30UTR sequences of GFP reporter genes.
The fluorophore arrays allow the hybrid-
ization signal of specific probes to be
strong enough to detect single molecules
and to distinguish single colors from colo-calized colors, allowing the authors to
identify unspliced and spliced RNA.
Fortuitously, Vargas et al. detected both
co- and posttranscriptional splicing on
these engineered reporter genes. One
such construct showed cotranscriptional
splicing at the gene locus, whereas the
other was largely spliced in a nucleo-
plasmic location remote from the site of
transcription. Importantly, at the remote
site, colocalized colors resolved into
separate intron and exon signals over
time, indicating delayed, transcriptionally
uncoupled splicing.
To track the movement and splicing of
specific transcripts in the nucleus, the
authors took advantage of the molecular
beacon approach their group had devel-
oped earlier (Figure 1A). Molecular
beacons are hairpin-shaped oligonucleo-
tides with an internally quenched fluoro-
phore. Their loop serves as a probe, and
the stem holds the fluorophore in close
contact with a quencher. Beacons by
themselves emit no fluorescence, but
upon hybridization to targets, the hairpin
dissolves, and the quencher and fluoro-
phore are separated, allowing fluores-
cence. By monitoring two molecular
beacon arrays with different fluorophores,
one complementary to an intronic region
and the other to the 30UTR, the authors
were able to track splicing in live cells:
yellow indicated unspliced pre-mRNA,
whereas red and green indicated spliced
mRNA and released intron, respectively.
They observed that, whereas cotranscrip-
tional splicing indeed occurs at the site of
transcription, posttranscriptional splicing
takes place in the nucleoplasm. Interest-
ingly, instead of diffusing randomly in the
nucleoplasm, the released transcripts
tend to be attracted to nuclear speckles,Developmental Cell 21, Dwhere splicing factors and regulators are
concentrated (Figure 1B).
This finding raised a critical question
about the determinants and mecha-
nisms responsible for posttranscriptional
splicing. By examining sequence features
in the postsplicing construct, the authors
recognized potential blockage of the
polypyrimidine tract of the intron by a
complementary sequence upstream in
the same intron. Recreating this feature
in the natural intron of c-fos converted it
from co- to posttranscriptional splicing.
This result demonstrates a cis-sequence
determinant of posttranscriptional splicing
behavior and suggests that delayed
recognition of the polypyrimidine tract at
the 30 splice site could be its mechanism.
The authorswent on to examine two en-
dogenous regulated splicing events: auto-
regulation of Sxl splicing in Drosophila
and PTB-regulated splicing of nPTB in
mammalian cells. In the Sxl case, the ex-
pressed Sxl protein in female Drosophila
cells iswell known toblock its ownalterna-
tive exon, thereby causing skipping of the
exon (Bell et al., 1991). Following Sxl RNA
with molecular beacons showed that
these blocked transcripts were posttran-
scriptionally spliced in female cells. Inter-
estingly, in male cells in which Sxl protein
is not produced, the distribution of signals
indicates cotranscriptional splicing. Simi-
larly, PTB binds to the 30 splice site of the
alternative exon in the nPTB pre-mRNA,
causing exon skipping in nonneuronal
cells (Boutz et al., 2007). Splicing of the
nPTB alternative exon also showed a
posttranscriptional pattern. These obser-
vations suggest that the regulated recog-
nition of the 30 splice site is at least one
of the major mechanisms for posttran-
scriptional splicing. It is presently unclearecember 13, 2011 ª2011 Elsevier Inc. 979
Figure 1. Chasing Pre-mRNA Splicing in Real Time
(A) The molecular beacons approach. The unhybridized hairpin probes are not
fluorescent because the attached fluorophore is quenched. Hybridization to
targets separates the quencher from the fluorophore, releasing a signal. The
approach permits visualization of splicing in real time bymonitoring colocaliza-
tion of the probes at intronic and exonic locations in unspliced pre-mRNA or
separation of colors in spliced mRNA.
(B) Co- and posttranscriptional splicing in the nucleus. The released unspliced
pre-mRNA (yellow) appears to migrate to nearby nuclear speckles (labeled
with the marker SC35) in the case of posttranscriptional splicing. Exons,
introns, and speckles are labeled red, green, and blue, respectively.
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pled splicing is uniquely
associated with alternative
splicing events and what
fraction of alternative splicing
occurs posttranscriptionally.
These questions await global
studies.
Another intriguing observa-
tion is the attraction of
the released, intron-contain-
ing transcripts to nuclear
speckles. A recent study
(Dias et al., 2010) observed
a similar pattern by in situ
hybridization upon nuclear
injection of plasmids that ex-
press intron-containing, but
not intronless, genes. Here,
given that nuclear speckles
are part of the nuclear matrix,
which would cofractionate
with chromatin, caution
must be taken in interpreting
the results from biochemical
analysis of co- and post-
transcriptional splicing in
mammalian cells. Because
of this potential complication,
imaging-based approaches
such as that used in the
current study provide a direct
view of the localization, fate,and temporal course of released pre-
mRNA in the nucleus.
More broadly, the role of nuclear
speckles in splicing and gene expression
continues to be a subject of debate (Han
et al., 2011). This nuclear domain contains
essentially all components of the splicing
machinery and a subset of transcription
factors and has been traditionally viewed
as storage sites for those factors (Lamond
and Spector, 2003). The new work casts
this important question in a new light:
what attracts partially spliced transcripts
to nuclear speckles to be spliced around
them? Is it the high local concentration
of splicing factors? Alternatively, is it
possible that some aggregation of980 Developmental Cell 21, December 13, 20partially assembled splicing complexes
gives rise to the appearance of speckles?
The study by Vargas et al. also has
important implications for different mech-
anisms of regulating alternative splicing.
The machineries for transcription and
splicing appear to be more integrated
than once thought (Pandit et al., 2008).
Recent evidence suggests that transcrip-
tion may have direct impact on regulated
splicing (Luco et al., 2011) and, con-
versely, that splicing may also impose
a checkpoint on transcription (Alexander
et al., 2010). Because some splicing regu-
lators appear to be cotranscriptionally re-
cruited to regulated splice sites, yet their
splicing may be posttranscriptionally11 ª2011 Elsevier Inc.executed, many alternative
splicing events are thus co-
transcriptionally committed
but posttranscriptionally ac-
complished (Han et al.,
2011). Another potential con-
sequence of posttranscrip-
tional splicing is that it
allows non-chromatin-bound
splicing regulators to influ-
ence splicing. This possibility
may presage greater interde-
pendence between some
splicing events and nuclear
export. The present study by
Vargas et al. will certainly
provoke further investigation
of these mechanistic issues
and throw new light onto the
diversity of regulatory strate-
gies for alternative splicing in
mammalian cells.REFERENCES
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